is study aimed to investigate the effect of different coloring procedures on the aging behavior of dental monolithic zirconia. Methods. Two types of translucent zirconia (SuperfectZir HTS, Aidite; Katana HT, Kuraray) were tested. Bar-shaped specimens with dimensions of 22 × 4 × 2 mm were prepared from uncolored and precolored blocks. Before being sintered, specimens made from uncolored blocks were colored by dipping them into a coloring liquid, whereas the precolored specimens were not treated. e specimens were then divided into 4 subgroups (n � 13) according to the aging conditions (no aging, 134°C/0.2 MPa for 5 h, 134°C/0.2 MPa for 10 h, and 134°C/0.2 MPa for 20 h). e flexural strength of the specimens was tested with the 4-point flexure. e crystalline phase composition of the specimens was analyzed by XRD. e subsurface microstructure of the fractured specimens was examined by using a SEM. e data were statistically analyzed using 3-way ANOVA and Tukey's test (α � 0.05). Results. Significant differences were found in the flexural strength between the two zirconia materials tested (P < 0.001). Aging and coloring procedures showed no significant effect on the flexural strength of the zirconia. Aging and coloring procedures significantly affected the t→m transformation of the zirconia. e monoclinic phase increased with the aging time. After aging, the precolored specimens showed a significantly higher t→m transformation than the specimens that were dipped in the coloring liquids. After aging for 20 h, the depth of the transformed zone with an irregular surface was approximately 6 µm for SuperfectZir HTS, whereas no detectable transformation zone was observed for Katana HT. Conclusion. Aging and coloring procedures had no significant effects on the flexural strength of the zirconia tested. e coloring procedure had a significant effect on the phase transformation of the zirconia subjected to hydrothermal aging.
Introduction
In recent years, zirconia has been widely used in dentistry due to its excellent mechanical and aesthetics properties and its biocompatibility [1] . Zirconia exists in 3 crystallographic forms: a monoclinic phase (m), which is stable between room temperature and 1170°C, a tetragonal phase (t), which is stable between 1170°C and 2370°C, and a cubic phase (c), which is stable over 2370°C [2] . e addition of stabilizers such as MgO and Y 2 O 3 can stabilize the zirconia in the tetragonal phase at room temperature [3] . For biomedical applications, zirconia is usually stabilized with 3 mol% ytrria (yttria-stabilized tetragonal zirconia polycrystal, Y-TZP) [4] . When the Y-TZP is exposed to stress, its metastable structure undergoes a t→m phase transformation, resulting in a volumetric expansion that can stop crack propagation [5] . However, the t→m transformation of zirconia can occur without stress under moist conditions, which is referred to as low temperature degradation (LTD) or aging [6] . After the transformation, intergranular microcracking appears, which degenerates the mechanical properties of the Y-TZP [7, 8] . Evidence of LTD has been observed in zirconia hip implants [9] . To date, the mechanism to explain LTD is still unclear.
Although evidence of LTD is limited in Y-TZP in dental applications, the t→m transformation was observed after accelerated aging. Using X-ray diffraction (XRD), MunozTabares et al. [11] measured the monoclinic phase fraction (V m ) of zirconia samples aged in an autoclave and revealed that V m increased from 25% to 45% after 86 h of aging. Wulfman et al. [11] reported that the surface t→m transformation increased with aging time. e greatest V m (70%) was found after 25 h and 90 h of aging. In another laboratory study, up to 40% V m was observed on a Y-TZP surface after 20 h of hydrothermal aging. However, this extent of phase transformation failed to significantly affect the biaxial flexural strength of the Y-TZP tested [12] . Moreover, Flinn et al. [13] reported a significant correlation between the decrease in the flexural strength and the increase in V m for certain types of Y-TZP (Prettau and BruxZir). e literature indicates that the resistance to LTD of Y-TZP is materialdependent. Even small deviations in the composition, grain size, and processing methods lead to huge differences in LTD behaviors of Y-TZP [14, 15] . Additionally, surface treatment of Y-TZP, such as grinding, can induce superficial modifications and the t→m transformation [16, 17] .
e basic color of Y-TZP ranges from white to ivory. To achieve a more natural appearance, 2 coloring procedures are available for dental prosthesis fabrication: (1) adding coloring pigments such as metal oxides to the raw zirconia powder at the production stage to obtain precolored zirconia blocks and (2) dipping the presintered, uncolored zirconia block in coloring liquids containing various metal ions, such as iron (Fe), erbium (Er), and cerium (Ce) [18] . However, the various ions in the coloring liquid may act as impurities in the Y-TZP and further change its aging behavior [19] . Ban et al. [19] reported a reduction in the fracture toughness and flexural strength of the Y-TZP colored by dipping in a coloring liquid. However, the effect of coloring was found to be dependent on the liquid. Wille et al. [12] reported that different concentrations of coloring pigments led to different LTD behavior of the zirconia and up to 40% of the monoclinic phase was detected after aging. Shah et al. [20] concluded that there was no detectable amount of the monoclinic phase in Y-TZP colored by coloring liquids or in uncolored controls. To the best of the authors' knowledge, very limited information is available regarding the influences of different coloring procedures on the aging behavior of Y-TZP.
e objective of the present study was to evaluate the effects of different coloring approaches on the aging behavior of Y-TZP. e null hypothesis was that the flexural strength and the phase transformation of two Y-TZP materials colored by different procedures would not be affected by hydrothermal aging.
Materials and Methods

Specimen Preparation.
Two types of translucent Y-TZP (Katana HT, Kuraray, Japan; SuperfectZir HTS, Aidite, China) were selected for this study. A summary of the characteristics of the investigated Y-TZP is listed in Table 1 . Bar-shaped specimens were milled using computer-aided design/computeraided manufacturing (CAD/CAM) technology (Zenotec, Wieland, Germany) with compensation for the shrinkage induced by sintering. A 45°chamfer was fashioned on the edge of each specimen. For each material tested, 52 precolored (shade A2) and 52 noncolored specimens were prepared and smoothed with 600-grit and 1200-grit carborundum discs (Buehler, Lake Bluff, IL, USA) under water cooling. e specimens were cleaned in distilled water using an ultrasonic bath (KQ-250DB, Kunshan Ultrasonic Instruments, China) for 15 min. e noncolored specimens were dipped with plastic tweezers into the coloring liquid (Zirconia coloring liquid A2, Aidite, China) for 2 min at room temperature following the manufacturer's instructions, whereas the precolored specimens were not treated. e coloring liquid contained Er(NO 3 ) 3 at 0.30 mole/liter solvent, Pr(NO 3 ) 3 at 0.01 mole/liter solvent, Ce (NO 3 ) 3 at 0.10 mole/liter solvent, and Nd(NO 3 ) 3 at 0.10 mole/liter solvent. Once removed, the excess coloring liquid on the noncolored specimen was gently absorbed with blotting paper. e precolored specimens were assigned to the PRE group. e specimens colored by dipping into the coloring liquids were assigned to the DIP group. After being dried for 2 h at 37°C, the specimens in the PRE and DIP groups were sintered according to the manufacturers' instructions. e heating and cooling rates were 10°C/min, and the specimens were maintained at maximum temperatures for 2 h (Table 1) . After being sintered, the specimens; final dimension (22 mm in length, 4 mm in width, and 2 mm in thickness) was achieved according to ISO 6872: 2015 [21] . To simulate the clinical situation, the specimens were further polished with a fine-grit laboratory zirconia polisher (Circopol Lab, DFS Diamon, Germany) and diamond paste.
e specimens were ultrasonically cleaned in distilled water for 2 min before use. e specimens in the PRE and DIP groups were randomly divided into 4 subgroups based on the aging treatment (n � 13).
Aging Treatment.
e samples were aged in an autoclave (HE-50, Hirayama, Japan) at 134°C in a water vapor atmosphere at 0.2 MPa. e aging conditions were as follows: no aging (control), 134°C/0.2 MPa for 5 h, 134°C/0.2 MPa for 10 h, and 134°C/0.2 MPa for 20 h. e sample labels for each material are described in Table 2 . 
Flexural Strength Test.
Four-point flexure was performed using a universal testing machine (AGS-10kNG, Shimadzu, Kyoto, Japan) at a crosshead speed of 1 mm/ min until failure (n � 10). e specimens were tested dry at room temperature, and the dimensions were measured with a digital micrometer (Mitutoyo, Tokyo, Japan).
Flexural strength values were calculated using the following equation [21] :
where P is the fracture load (in N), l is the test span (distance between the exterior supports in mm), w is the width of the specimen (in mm), and b is the thickness of the specimen (in mm).
XRD Measurement.
e crystalline phases of the specimens from each group (n � 3) were analyzed using XRD (Empyrean, PANalytical, the Netherlands).
e patterns were recorded at 40 kV (generator voltage) and 40 mA (tube current) with Cu Kα radiation. e scan range for 2θ was between 26°and 36°, with a step size of 0.013°and a scan time of 18.87 s/step. e obtained XRD patterns were analyzed using analysis software and data from the International Centre for Diffraction Data (ICDD).
e monoclinic phase fraction (X m ) was calculated according to the method described by Garvie and Nicholson [22] :
where I m (111) and I m (111) are the monoclinic peak intensities at 2θ � 28.175°and 31.468°, respectively, and I t (101) is the tetragonal peak intensity at 2θ � 29.807° [23] . e monoclinic volume fraction (V m ) was then calculated according to the method described by Toraya et al. [24] :
2.5. SEM Observation. e cross-sectional topography patterns were examined using a scanning electron microscope (Quanta 250, FEI, USA). For each type of zirconia, 2 samples from each group were randomly selected after aging for SEM examination. e specimens were fractured during the 4-point flexure, and the cross sections were mounted on aluminum stubs and sputter-coated with gold before being examined at an acceleration voltage of 20 kV.
Statistical Analysis.
e data were analyzed using the SPSS statistical software package (SPSS 13.0 for Windows, SPSS, Chicago, IL, USA). e statistical analysis was performed using three-way analysis of variance (ANOVA) and Tukey's HSD test to determine significant differences between the phase transformations and flexural strength of the materials tested (P < 0.05).
Results
e Shapiro-Wilk test confirmed the normal distribution of the data. e means and standard deviations of the flexural strength are shown in Table 3 . Katana HT showed significantly greater flexural strength than SuperfectZir HTS (P < 0.001). Aging and coloring procedures had no significant effects on the flexural strength of the materials tested (P � 0.474 and P � 0.414, resp.). e means and standard deviations of V m are listed in Table 4 . After aging, V m ranged from 7.26% (group DIP-5, Katana HT) to 37.58% (group PRE-20, SuperfectZir HTS). Katana HT showed a lower mean V m after aging and was much more resistant to the phase transformation than SuperfectZir HTS. Aging and coloring procedures had significant effects on the phase transformation of the materials tested (all P < 0.001). e phase transformation was observed with increased aging time. Specimens in the PRE group were found to be more sensitive to aging (greater t→m transformation) than those in the DIP group. e monoclinic peak intensity increased and the tetragonal peak intensity decreased with increased aging time (Figure 1 ). SEM images of representative fracture surfaces of the specimens aged for 20 h are shown in Figure 2 . After aging for 20 h, the thickness of the region with the monoclinic phase (the depth of transformation) was found to be approximately 6 µm for SuperfectZir HTS, whereas no detectable transformation zone was observed for Katana HT.
Discussion
Based on the current findings, the null hypothesis that the aging and coloring procedures would not affect the amount of t→m transformation of monolithic Y-TZP was rejected.
e null hypothesis that the aging and coloring procedures would not affect the flexural strength of monolithic Y-TZP was accepted.
Various studies have investigated the effects of accelerated aging on Y-TZP. However, publications discussing whether the coloring procedures affect the aging behavior of Y-TZP are lacking. is laboratory study was therefore designed to evaluate the aging behavior of Y-TZP colored with different coloring approaches using a hydrothermal aging process. Published studies have a wide variability in aging protocols, and up to 200 h hydrothermal aging has been adopted in the literature [13] . Chevalier et al. [14, 25] proposed that aging in the autoclave at 134°C and 0.2 MPa for 5 h is equivalent to 15-20 years of in vivo use Journal of Spectroscopy 3 based on the amount of t→m transformation. However, this correlation was estimated based on the in vivo data obtained from extracted zirconia hip joint heads and might not be applicable to dental zirconia, which is exposed to daily intraoral usage. In one recent publication, accelerated aging (134°C, 0.2 MPa) for 5 h was considered equivalent to in vivo aging for 2 years [26] . us, the prolonged aging time used (20 h) could be considered to simulate 8 years of intraoral aging. However, one should be very careful with such transfers, as the hydrothermal aging does not include any mechanical loading as is present intraorally. Future studies subjecting the Y-TZP materials to drastic environments such as fatigue tests and long periods in the presence of moisture are required to fully comprehend the effect of coloring procedures on the aging behavior of Y-TZP. Limited information is available regarding the effects of coloring procedures on the aging behavior of Y-TZP. Sen et al. [27] examined the monolithic zirconia subjected to the coloring liquid application and reported that the coloring procedure did not significantly affect biaxial flexural strength. Kaya [28] produced precolored zirconia blocks using different mixtures of raw zirconia powder and Fe 2 O 3 . No negative effects were found on the phase transformation and the mechanical properties (surface microhardness and fracture b,A * Values marked with the same lowercase letter were not significantly different within a column (P > 0.05). Values marked with the same uppercase letter were not significantly different in each group (P > 0.05). Figure 1: XRD patterns of the materials tested ( , monoclinic phase; , tetragonal phase).
toughness). Shah et al. [20] compared the biaxial flexural and phase transformation of monolithic zirconia colored by immersion in various coloring liquids (cerium acetate and bismuth chloride). e flexural strength decreased, which depended on the concentration of the coloring oxide. Furthermore, there was no detectable amount of monoclinic phase in zirconia after aging at 134°C and 0.2 MPa for 10 h. In the literature, an increase in the monoclinic phase has been proposed to lead to higher surface roughness and lower flexural strength [29, 30] . ese deleterious effects may not appear until V m reaches a critical threshold. However, no consensus has been reached regarding the critical threshold for the surface V m of Y-TZP. Flinn et al. [31] showed a rapid transformation in the first 50 h of hydrothermal aging for the monolithic zirconia (Prettau) and slow transformation for other materials (ZirPrime and ZirTough). Some specimens spontaneously fractured after extended periods (200 h of hydrothermal aging). Kim et al. [32] investigated the flexural strength of Y-TZP ceramics after various aging treatments, and the results indicated that the threshold of V m , at which point the flexural strength begins to decrease, was 12-54%. Furthermore, V m of up to 40% at the surface of Y-TZP did not significantly influence the biaxial flexural strength, which has recently been confirmed by Wille et al. [12] . Although a significant t→m transformation was observed, aging did not impair the flexural strength of Y-TZP in the present study, which is also consistent with a recently published systematic review stating that there is no decrease in flexural strength up to 50% of phase transformation at the surface [15] . e t→m transformation in Y-TZP originates at the surface and progresses to the subsurface level [33] . Microcracks in the transformed surface layer may act as crack-like flaws and decrease the flexural strength. In the present study, the depth of transformation varied between different materials and only occurred in a superficial layer of the material. is finding is also supported by a previous study [13] . e finding that the flexural strength of the Y-TZP after aging remained unchanged could be attributed to the relatively small transformation depth of the aged materials.
In the present study, the Y-TZP colored by dipping, having a significantly lower t→m transformation, is considered more resistant to aging than the precolored material.
Limited information is available regarding the coloring compounds in the precolored materials, and the influence of certain metal oxides on the aging behavior cannot be determined. is improved aging resistance can potentially be explained by the ceria in the coloring liquid acting as a sintering aid [29, 30] . However, this hypothesis must be tested in a future study. It is evident that the 2 Y-TZP differed in the chemical and phase compositions (Table 1 and Figure 1 ). Katana HT has more ytrria and a larger amount of untransformable cubic phase, which is probably the reason for a lower susceptibility to LTD. Moreover, the coloring procedure had no significant effect on the flexural strength of the tested materials, which is consistent with the previous studies [4, 27] . According to ISO standard 13356: 2008, aging should be performed using an autoclave at 134°C and 0.2 MPa for 5 h. e zirconia tested should not have more than 25% V m after aging [34] . erefore, the 2 materials fulfilled these criteria and could be considered suitable for biomedical purposes. However, it is important to note that other factors, such as surface treatment, may have a considerable influence on the amount of phase transformation of the zirconia subjected to aging [35] .
Conclusion
Within the limits of this study, the following conclusions can be drawn:
(1) Aging and coloring procedures showed no significant effects on the flexural strength of the tested Y-TZP. ( 2) It appears that coloring by dipping may decrease the effect of hydrothermal aging on the susceptibility to phase transformation of the tested Y-TZP.
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